Abstract Pseudomonas stutzeri is a widely distributed species with very high genetic diversity and metabolic capacities, occupying many diverse ecological niches. A collection of 229 P. stutzeri strains isolated from different habitats and geographical locations has been previously characterised phylogenetically by rpoD gene sequencing analysis and in the present study 172 of them phenotypically by whole-cell MALDI-TOF mass spectrometry. Fifty-five strains were further analysed by multilocus sequencing analysis to determine the phylogenetic population structure. Both methods showed coherence in strain grouping; 226 strains were allocated in the 18 genomovars known presently. The remaining three strains are proposed as references for three novel genomovars in the species. The correlation and usefulness of sequence-based phylogenetic analysis and whole-cell MALDI-TOF mass spectrometry, which are essential for autoecological studies in microbial ecology, is discussed for the differentiation of P. stutzeri populations.
Introduction
Pseudomonas stutzeri is a widely distributed nonfluorescent denitrifying pseudomonad. Although previous studies reported that P. stutzeri shows a notable phenotypic heterogeneity [12, 27, 31, 32, 42] , a combination of morphological, biochemical and physiological characteristics allows its easy differentiation from other Pseudomonas species. The dry, winkled colonial morphology; the ability to use maltose and starch as sole carbon sources; the ability to produce nitrogen anaerobically from nitrate; and negative arginine dihydrolase and gelatinase tests are some of the most useful distinctive traits.
P. stutzeri has been isolated from different environments such as marine waters and sediment, intertidal sand samples and soil and freshwater habitats. Many strains were also recovered from clinical samples, bottled water, vertebrate faeces and paper-making chemicals [9] . The species is ecologically important due to its ability to degrade xenobiotics, the potential for denitrification, nitrogen fixation and the capability for natural genetic transformation. The high metabolic versatility observed by members of the P. stutzeri species is in accordance with its wide geographical distribution and habitats occupied.
Variety within the species is not limited to physiological traits; it has an extremely broad genotypic diversity. DNA-DNA hybridisations provided evidence for the recognition of 18 genomic groups (genomovars; gv) within the species [20] . The genomovar groupings have been confirmed by several molecular techniques (phylogenetic studies, DNA fingerprinting, chemotaxonomic or multi-locus enzyme electrophoresis). There are no phenotypic differences among genomovars that allow the description of a new species for each genomovar. The only strains with biochemical and chemotaxonomic differences are former members of gv 6, which allowed the proposal of a novel species Claudia Scotta and Margarita Gomila contributed equally to this paper Electronic supplementary material The online version of this article (doi:10.1007/s00248-013-0246-8) contains supplementary material, which is available to authorized users.
named Pseudomonas balearica [1] . Pseudomonas chloritidismutans was described as a new species, but was later demonstrated that the only strain in the species belongs to P. stutzeri gv 3 [7] . Recently, the whole genome sequences of several well-characterised P. stutzeri strains that are relevant in microbial ecology (strains A15, ZoBell, AN10 and JM300) have been determined, and they confirmed the genomovar groupings within the species [3, 4, 29] .
P. stutzeri has a global distribution, and local populations have been reported to be highly diverse [23, 39] , with representatives of many of the known genomovars. In the present study, an exhaustive phylogenetic analysis was performed on a collection of 229 P. stutzeri strains isolated from multiple habitats and geographical locations to characterise the population structure of the species. Therefore, the distribution of P. stutzeri strains in genomovars was analysed, and conditions for new strains to be assigned to a particular genomovar were revised. The utility of different genes in the multilocus sequence analyses was used as a tool for species phylogenetic affiliation. Finally, the strain collection was analysed through whole-cell matrixassisted laser-desorption/ionisation time-of-flight mass spectrometry (WC-MALDI-TOF MS) to construct a database of mass spectra to better facilitate the identification of strains within the species and their respective genomovar. WC-MALDI-TOF MS has the potential for application in environmental microbiology to rapidly reveal cryptic species in large batches of related isolates [25, 47] . The groupings in 18 genomovars have been confirmed by both methods, and three new strains are proposed as representatives of the three novel genomovars within the species.
Methods

Strains Studied and Growth Conditions
A total of 229 P. stutzeri strains have been examined. They comprised 136 strains isolated from clinical environments; 42 strains isolated from intertidal sand contaminated by Prestige's crude oil [23] ; 50 strains from our laboratory collection, which have been previously studied by multilocus sequence analysis, MLSA [6, 20, 22] ; and strain PE, which was isolated from a bioreactor seeded with the commercial compound Putidoil®. A complete list of the bacterial strains studied is provided in Supplementary  Table S1 . Three strains of P. balearica (former genomovar 6 of P. stutzeri) and the type strains of Pseudomonas xanthomarina and Pseudomonas mendocina have been included in the study as representatives of closely related species. The type of strain of Pseudomonas aeruginosa was used as an outgroup. A total of 55 strains representing all genomovars were selected for detailed phylogenetic studies (Table 1) . For biomass recovery, strains were cultured routinely at 30°C on Luria-Bertani medium [19] .
DNA Extraction, PCR, and Sequencing Protocols Genomic DNA was obtained by lysis with sodium dodecyl sulphate-proteinase K and treatment with cetyltrimethylammonium bromide, as described by Wilson [48] . Partial sequences of the following genes were amplified and sequenced, as previously described [10, 21, 35, 46, 49] : the RNA polymerase sigma 70 subunit (rpoD) gene (585-597 nucleotides), the 16S rRNA gene (1,034 nucleotides), the DNA gyrase subunit β (gyrB) gene (821 nucleotides) and the RNA operon internally transcribed spacer 1 (ITS1) region (462-527 nucleotides). The primers used for PCR amplification and sequencing are listed in Supplementary Table S2 . When no amplicon was obtained with the gyrB primer combination UP-1E/APrU, the BAUP2/APrU primer combination was used. PCR products were purified using PCR clean up filter plates (Merck Millipore) and labelled with a BigDye® terminator v 3.1 cycle sequencing kit (Applied Biosystems). Sequencing was performed on an automatic Genetic analyser DNA sequencer 3130 (Applied Biosystems).
Strains were assigned to a known genomovar by their phylogenetic affiliation based on partial sequences of the rpoD gene because this gene showed greater differentiation between genomovars than other housekeeping genes tested previously [6, 22] . Some strains that could not be affiliated with known genomovars were also analysed by partial sequencing of their 16S rRNA, gyrB gene and ITS1 region, for further phylogenetic analysis. The same strategy was used to confirm the strains phylogenetic assignation to genomovars with low isolate numbers.
Sequence Analysis
The sequence alignments were conducted using a hierarchical method for multiple alignments, implemented in the CLUSTAL X program [45] . Sequences that were aligned automatically were confirmed manually. Evolutionary distances derived from sequence-pair dissimilarities were calculated using the DNADIST program included in the Phylogenetic Inference Package (PHYLIP version 3.5c [8] ). Gene distances were calculated from nucleotide sequences by the Jukes-Cantor method [13] , and dendrograms were generated by neighbour-joining and bootstrap analysis. The tree bootstrap values were computed by resampling 1,000 times. The trees were visualised with the TreeView programme [26] . Together with the individual trees of the ITS1 region and 16S rRNA, gyrB and rpoD genes, a concatenated analysis of three genes (16S rRNA, gyrB, rpoD; a total of 2,443 nt) or the four loci (16S rRNA, gyrB, rpoD, ITS1; 2,948 nt) was performed to represent the combined molecular evolutionary relationships [22] . Allele and nucleotide diversity was calculated from aligned sequences with the DnaSP package (version 5.0; http://www.ub.edu/dnasp/) [34] . Individual rarefaction curves were obtained with PAST programme (version 2.09, http://folk.uio.no/ohammer/past/) [11] .
DNA-DNA Hybridisation
Genomic DNA was isolated by a method previously described [17] . DNA-DNA relatedness values were calculated in duplicate using a non-radioactive method, as previously described [50] . The reference DNA was double-labelled with DIG-11-dUTP and biotin-16dUTP using a nick-translation kit (Roche Diagnostics GmbH). DNA-DNA hybridisations were performed using the genomic DNA of P. stutzeri PE (reference strain of gv 
Phenotypic Tests
The three strains (PE, A563/77 and V81) representing three putative novel genomovars were characterised phenotypically by API 20NE strips (Biomerieux) to confirm their assignation to P. stutzeri.
WC-MALDI-TOF Mass Spectrometry
WC-MALDI-TOF mass spectrometry was performed at Anagnostec and RIPAC GmbH, Germany [14] . Some strains were analysed as methodological controls two or three times. Strains were cultured on LB plates at 30°C for 24-48 h. The methodology and processing of the raw data used are described in Scotta et al. [36] and Mulet et al. [24] . The peak profiles obtained for each species within a mass range from 3,000 to 20,000 Da were analysed and compared using the BGP database software available at the website http://sourceforge.net/ projects/bgp. The percent similarities of identical mass peaks was calculated and used to generate a dendrogram using PermutMatrix software by applying an averagelinkage method (UPGMA hierarchical clustering) and Pearson's distance correlation [5] . The dendrogram was constructed using the average value of duplicate analyses for each strain to assess topology coherence. The strains were also identified by comparing the resulting mass fingerprints with the SARAMIS (Spectral Archiving and Microbial Identification System, Release 3.36, Anagnostec and RIPAC GmbH, Germany) database.
Nucleotide Sequence Accession Numbers
The nucleotide sequences obtained in this study have been deposited in the EMBL database under accession numbers HE571074 to HE571128 and are listed in Supplementary  Table S3 . The gyrB gene sequence for P. stutzeri DSM 50238 (reference strain of genomovar 7) as well as the rpoD gene sequence for P. stutzeri JD4 (genomovar 5) has been updated in the database
Results
MLSA
To study the sequence diversity and population structure, isolates of P. stutzeri from various origins were included in this study: 136 clinical isolates, 16 soil isolates, three wastewater isolates, 11 marine environment isolates, 42 isolates from intertidal oil contaminated sand and 21 extra isolates from different sources (Supplementary Table S1 ). Four loci were selected for phylogenetic analysis. In addition to the 16S rRNA, rpoD and gyrB genes, which were proposed by Mulet et al. [22] as appropriate for studying the phylogeny of the genus Pseudomonas, the ITS1 region was included as proposed by Guasp et al. [10] . The genetic diversity of the four loci was studied in 55 strains of P. stutzeri representing all of the genomovars described thus far ( Table 2 ). The gyrB and rpoD genes showed a similar 
, but the rpoD gene exhibited higher number of informative sites (38.8 %) than gyrB gene (37.1 %). The evolutionary pressure upon rpoD and gyrB genes was quantified through the dN/dS ratio. This value was lower than 1 in both protein-coding genes indicating that they are under purifying selection pressure.
To determine the genomovar differentiation power of each locus, the least square tendency lines comparison of phylogenetic similarities was conducted with 55 P. stutzeri and five closely related Pseudomonas strains (one P. mendocina, one P. xanthomarina and three P. balearica). Selected strains are indicated in Table 1 . For each single gene, a matrix of phylogenetic similarity was constructed, and pair-wise comparisons were plotted (Fig. 1) . The discriminatory power of each locus was calculated as the ratio between the rpoD gene slope and the slopes of other loci: rpoD/16S rRNA (14 times), rpoD/ITS1 (twice) and rpoD/gyrB (once). The most discriminating locus analysed was rpoD, followed by gyrB gene, ITS1 region and 16S rRNA gene. This result, together with the genetic diversity data, corroborates that the rpoD gene should be the elected locus when analysing P. stutzeri populations [6, 20, 37] .
Analysis of the rpoD gene partial sequence allowed the direct assignment of 95 % of the 229 strains studied to a known genomovar (Fig. 2, Supplementary Fig. S1 , and Supplementary Table S1 ). In a few cases (5 %), sequence analysis of more genes was required for genomovar assignment. This was the case for the following strains: PE, V81, A563/77, A60/68, A160/74, A655/78, A732/80, A776/80, SD93936, SD25545 and SD136 for which the 16S rRNA, gyrB and ITS1 loci were included in addition to the rpoD gene analysis. The clustering and branching order in the concatenated tree of three and four genes allowed the correct genomovar assignation of these strains (Fig. 3, Supplementary  Fig. S2e) .
Topologies of the four individual trees were similar, and in most cases, they maintained the strains' groupings ( Supplementary Fig. S2 ). Members of the same genomovar clustered in the same phylogenetic subbranch in all trees with only a few exceptions. In the rpoD gene tree, strains A160/74, A732/80, A776/80 and SD93936 appeared in a separate single branch, and strain A655/78 was affiliated with gv 5; these strains appeared affiliated with gv 1 in the gyrB gene and 16S rRNA trees. In the ITS1 tree, strains A732/80, SD25545 and st103 did not cluster with any genomovar; in the 16S rRNA tree, strain st103 did not cluster with gv 5. The gv 1 and gv 5 strains were not resolved in the 16S rRNA and ITS1 trees.
For the concatenated analysis, sequences were aligned in the following order: 16S rRNA, gyrB gene, rpoD gene (three concatenated genes, 2,443 nt, Fig. 3 ) and ITS1 region (four concatenated loci, 2,948 nt, Supplementary Fig. S2 ). In the concatenated analysis, strains belonging to the same genomovar clustered together in the three and four gene trees. Although the genomovar grouping was well defined in the ITS1 tree, ITS1 genomovar discriminatory power was lower than the rpoD and gyrB genes, and no differences were found in the three or four gene trees topologies. For that reason and to preserve information homogeneity with other published data [22] , ITS1 region was excluded from further analysis.
In the three genes concatenated tree (16S rRNA, gyrB and rpoD, Fig. 3 ) strains A655/78, A160/74, A732/80, A776/80 and SD93936 are located between gv 1 and gv 5, with sequence similarities above 95.5 % with respect to both genomovars. This is the threshold value accepted for Fig. 2 Schematic phylogenetic tree of the 229 P. stutzeri strains based on the analysis of rpoD gene. Distance matrix was calculated by the Jukes-Cantor method. Dendrogram was generated by neighbour-joining. P. aeruginosa type strain was used as outgroup. The bar indicates sequence divergence. Bootstrap values higher than 500 (from 1,000 replicates) are indicated at the branching nodes. gv5 cluster includes strain A655/78 of gv1. In bold are indicated the strains proposed as new genomovars genomovar differentiation (see below). For that reason, DNA-DNA hybridisations were performed with the reference strains of gv 1 and 5 (CCUG 11256 T and DNSP21), respectively, to demonstrate their affiliation to gv 1 (Supplementary Table S4) .
Minimal intragenomovar similarities in the concatenated analysis of three genes were calculated (Table 3) for those genomovars in which more than one strain was studied, giving values of 96.7 % (gv 1, 13 strains), 99.7 % (gv 2, three strains), 98.6 % (gv 3, 11 strains), 100 % (gv 4, two strains), 98.3 % (gv 5, four strains), 96.3 % (gv 7, four strains), 99.1 % (gv 8, three strains) and 96.7 % (gv 12, two strains). Intergenomovar similarities in the concatenated analysis of three genes were also analysed (Table 3) ; they ranged between 89.3 and 95.2 % in all genomovars, with the exception of gv 1 and gv 5 that had 97.7 % similarity. Then, one given strain could be assigned to a known genomovar if its similarity value in the concatenated analysis of three genes was above 95.2 %, as previously reported [20] .
Nevertheless, the threshold value of 97.8 % might be considered in the discrimination between genomovars 1 and 5 because these two genomovars are very closely related.
In the concatenated analysis, there were three strains for which the sequence similarity to their closest genomovar was lower than 96 %. Strain V81 had an 89.3 % sequence similarity with gv 8, whereas strains PE and A563/77 had a 91.8 % sequence similarity between them. The three of them were suspected to be representatives of novel genomovars. To validate the assignment of these three strains, DNA-DNA hybridisation experiments were performed ( Table 4 ). The three strains had less than 53 % DNA-DNA relatedness between them and their closest genomovar, allowing us to conclude that they represent three new genomovars within the species. Strains PE, A563/77 and V81 are proposed as the reference strains for genomovars 20, 21 and 22, respectively. Their phenotypic traits are in accordance with those Fig. 3 Phylogenetic tree of the 55 selected P. stutzeri strains based on the phylogenetic analysis of three concatenated partial sequences of the 16S rRNA, gyrB and rpoD genes. Distance matrices were calculated by the Jukes-Cantor method. Dendrograms were generated by neighbour-joining. P. aeruginosa type strain was used as outgroup. Bootstrap values higher than 500 (from 1,000 replicates) are indicated at the branching nodes of P. stutzeri species (Supplementary Table S5 ). For example, they are able to produce nitrogen from nitrate and to grow with maltose as carbon source. It is remarkable that strain PE is able to liquefy gelatine, which is not a general trait of the species.
Whole-Cell MALDI-TOF Mass Spectrometry
One hundred and seventy-two of the 229 strains representing all genomovars were analysed together with 127 Pseudomonas type strains. All of the P. stutzeri strains clustered together in the dendrogram, and the groupings were highly correlated with the genomovars. Figure 4 depicts the clustering of strains. All strains of the genomovars with more than one representative (2, 3, 4 and 7) were clustered in their corresponding group. Most strains of gv 1 (98 %; 103 of 105) were grouped in the same branch, with only two exceptions ( Fig. 4 and Supplementary Fig. S3 ). The three representatives of P. balearica clustered together, and the type strains of P. aeruginosa and P. xanthomarina were clearly differentiated in the dendrogram. As expected, the single-strain of P. chloritidismutans was included with P. stutzeri gv 3 strains. The strains were also identified by comparing their resulting mass fingerprints with the SARAMIS database. From the 175 strains analysed, 170 strains were correctly assigned to the genus Pseudomonas: 113 strains were identified at the species level as P. stutzeri, 36 strains as Pseudomonas spp. and 21 strains as P. chloritidismutans.
Most gv 1 strains (107 of 113) were identified as P. stutzeri. All of the 22 gv 3 strains analysed by MALDI-TOF were identified by SARAMIS as P. chloritidismutans (a species described with only 1 representative, actually considered a member of P. stutzeri gv 3; Cladera et al. 2006) except 3 (A266/82, V73 and AN10). The remaining 5 strains were not identified as belonging to any of the genera present in the SARAMIS database but neither were they incorrectly assigned to another genus. These five strains were A60/68 (gv8), KC (gv9) and the three P. balearica strains.
Discussion
MLSA has been demonstrated as an excellent tool for species discrimination and phylogeny studies of the genus Pseudomonas [22, 24] . In the present study, we corroborate these results and those from Cladera et al. [7] for the genomovars discrimination, and we included the description of three new genomovars. The best discriminating gene is rpoD, which allows a precise identification of genomovars in most cases. Its utility has also been tested by Parkinson et al. [28] for the Pseudomonas syringae species complex and by Scotta et al. [37] for clinical P. stutzeri strains. The rpoD gene also allows culture-independent studies [22] . The ITS1 sequence may be considered a good candidate for typing purposes but not for phylogenetic approaches because of the lower selective pressure on this sequence with several noncoding regions. The analysis of the three genes (16S rDNA, gyrB and rpoD) has been necessary for the proposal of novel genomovars in only a few cases.
The good correlation between MLSA and WC-MALDI-TOF demonstrated that the latter is a convenient technique for culture-dependent approaches in the study of local populations. A combination of both approaches will allow an excellent monitoring of strains in the environment.
The most abundant strains generally isolated in independent experiments are members of genomovars 1, 2, 3 and 19. Although the number of genomovars currently stands at 22, and several environments from diverse geographical locations have been investigated for the presence of P. stutzeri, few representatives have been isolated from the other genomovars. An individual rarefaction study performed with the 229 P. stutzeri belonging to 22 genomovars showed that there are still new genomovars to be described in the species (Supplementary Fig. S4 ). The strains were also divided in two groups for the rarefaction analysis. The clinical strains (136) reached a saturation curve indicating that most probably no new genomovars have to be expected when analysing clinical strains. However, the curve for environmental strains (89) indicated a more diverse population. In the study of more samples, more genomovars have to be expected. Fig. 4 Schematic dendrogram constructed by applying average linkage clustering and Pearson's distance correlation from a similarity matrix of identical mass peaks, computed from whole cell mass spectra of the 172 P. stutzeri strains analysed. The dendrogram was generated by considering the average value of the duplicates for each strain Mulet et al. [23] demonstrated by means of culture dependent (43 isolates) and independent methods (29 rpoD gene clones) the presence of members of nine different genomovars in intertidal sand samples collected after the Prestige oil spill in northwestern Spain. The isolates were members of gv1, gv3, gv5, gv7, gv15, gv19, gv20 and gv22. This result demonstrates the high diversity of populations that can coexist in the same habitat. Sikorski et al. [39] also demonstrated the complex composition in local P. stutzeri populations from marine sediments and soils.
Focusing on clinical isolates, 83.1 % belonged to genomovar 1 (113 strains), whereas genomovars 2 and 3 represented only 8.8 % (12 strains) and 5.1 % (seven strains) of the clinical isolates, respectively. Genomovars 8 (two strains), 12 (one strain) and 21 (one strain) represented less than the 3 % of the clinical isolates. Interestingly, the 92.6 % of the isolates from genomovar 1 (113 from 122 isolates) and the 80.0 % of the isolates from genomovar 2 (12 from 15) have been isolated from clinical samples. The three environmental isolates (ZoBell, PMG1 and PMG2) from genomovar 2 are of aquatic origin: strain ZoBell (from marine waters in the Pacific Ocean) and PMG1 and PMG2 (from hemodialysis water in a Berlin hospital setting). Based on the 16S rDNA sequence, Sikorski et al. [39] assigned two further isolates from marine sediments to genomovar 2. It is difficult to find a correlation between the habitat from where a strain was isolated and the genomovar to which it was assigned.
Genomovars 3 and 19 are the most abundant in nonclinical niches such as soil, contaminated soil, marine sediments and wastewater. In general, it can be concluded that a genomovar can be predominant in a habitat because it is the best adapted to that specific environment. A good example is genomovar 18. Four P. stutzeri strains have been isolated from marine sediments at the deepest locations in the world, the Mariana trench [44] , the Japan trench [15] and the Izu-Ogasawara trench [43] . These four bacteria are adapted to high pressure and are phylogenetically related in the 16S rDNA, and they had to be assigned to gv 18, with strain MT-1 as the reference strain [39, 40] .
The presence of strains in diverse habitats indicates how they can evolve to exploit new environments. The high genetic diversity observed in the species could be the result of the many different ecological niches that are occupied by its members. Genomic analysis of strains assigned to different genomovars is still in progress and will give new insights into the evolution and niche adaptation of P. stutzeri.
